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Abstract: The phytomer concept has been useful for understanding plant development and
architecture. Commonly the phytomer has been viewed as a vegetative unit consisting of a leaf,
node, internode, and axillary bud, with this unit repeated within and among shoots. This definition
can be extended to the inflorescence structure. Based on available knowledge and objectives,
models may not fully incorporate phytomer concepts, rather some phytomers may be aggregated
into a single component such as a grain component. The continuing development of object-oriented
(00) design and associated programming languages is providing opportunities for better
incorporating phytomer concepts into models. For instance, the use of a Composite Pattern in an
object-oriented (00) design facilitates implementation of different scales from the phytomer to a
mixture of single and aggregated phytomers for different plant components. The objectives of this
paper are to use winter wheat (Triticum aestivum L.) to illustrate 01 how plants build their
canopies by the appearance, growth, and abortion/senescence of phytomer units, and © present a
conceptual prototype for translating this botanical abstraction into an 00 design of a plant model,
CANON, so called because the interplay of repeating phytomers is analogous to the repeating
melodies of a musical composition called a canon.

In CANON 00 design, the canopy is built by the addition of phytomer units that have a
consistent type of communication with adjoining phytomers. This communication matches the 00
structural composite design pattern described, where objects are represented in part-whole
hierarchies by tree structures, with uniform treatment of individual objects and compositions of
objects. At any point, the following sub-hierarchy is viewed as a single entity thus allowing parts of
the hierarchy to be replaced with a single object, without affecting the preceding part of the
hierarchy. This approach allows specification of sub-models of different levels of detail which
could be selected at implementation or run-time. Initial implementation of the proof-of-concept
using winter wheat (Triticum aestivum L.) vegetative phytomers is presented.

Keywords: organ development, Triticum aestivum L., wheat, phytomer, phyllochron, canopy
architecture, object-oriented design, object-oriented phytomer model, CANON, phytomer composite
pattern, scaling

1 Introduction

When Grey presented the concept of the phytomer in 1879, he presented a concept that has proven
to be a useful botanical abstraction for providing a foundation to understand plant development and
architecture. In this conceptualization of canopy development, canopies are built by the addition,



growth, and abortion/senescence of basic building blocks (i.e., phytomers) that is repeated within
and among all shoots on a plant.

Plant simulation models have varied considerably in their conceptualisation and approach for
modeling plant canopy development and architecture. Extensive developmental knowledge and
building canopies by phytomer units for some species such as wheat has been known from the
earliest days of crop simulation modeling. However because of limited knowledge or due to the
objectives of the model, few models have fully incorporated phytomer concepts.

Early efforts in simulating phytomer construction of plant canopies include use of L-systems and
developmental-based simulation models using structured programming languages (e.g., SHOOTGRO,
McMaster et al., 1992; Wilhelm et al., 1993; Rickman et al., 1996). More recent work on
functional-structural modeling (e.g. Vos et al., 2007) has provided considerable detail on phytomer
construction of canopies.

Many initial efforts at object-oriented (00) design of plant growth models did not reflect how
the plant canopy actually develops by phytomer units. A common approach was to view the plant
from the concept that it consists of leaf, stem, root, and seed components (e.g., APSIM, McCown et
al., 1996; APSIM-Plant, Wang et al., 2002; Sequeira et al., 1991; 1997). In this design, the phytomer
unit components are split into these generic plant components. With advances in 00 design and
application of 00 Design Pattern, new possibilities for capturing botanical knowledge of the
phytomer into simulation models is possible. The Composite Design Pattern has not received much
recognition in many 00 designs for crop simulation models. This design pattern can be utilized for
plant models based on phytomer concepts so that the phytomer concepts can be aggregated into
lower levels of resolution (such as entire shoots or inflorescences) or different conceptualizations of
the plant such as mentioned above.

The objectives of this paper are to use winter wheat as a case study to Ei discuss how plants
build their canopies by the appearance, growth, and abortion/senescence of phytomer units and
extend the phytomer concept into the inflorescence, and ® translate this botanical abstraction into
an 00 design based on the Composite Design Pattern and provide initial implementation efforts
(CANON).

2 Phytomer Unit and Building Plant Canopies

While various definitions of phytomers have been proposed (Wilhelm and McMaster, 1995), most
commonly the phytomer is viewed as a unit consisting of a leaf, node, internode, and axillary bud,
with this unit being repeated within and among shoots (Fig. 1). This basic definition has been
extended to include the nodal root buds (Klepper et al., 1984), and is considered a "vegetative"
phytomer. The plant builds its canopy by the addition, growth, and abortion/senescence of these
vegetative phytomer units on a shoot, with the same process for each shoot (Rickman and Klepper,
1995). The vegetative phytomer unit concept can be extended for building the spike inflorescence
using "reproductive" phytomers, where both the spikelet and floret parts of the wheat inflorescence
have analogs to the vegetative phytomer leaf and axillary buds. The main axis of the wheat spike
(i.e. the rachis) is built by the sequential addition of phytomers consisting of spikelets (=leaf), with
the other similar phytomer components of the node, internode, and axillary bud. In turn, the main
axis of each spikelet (i.e., the rachilla) is built by the sequential addition of phytomers consisting of
florets (=leaf), and the node, internode, and axillary bud. Others have recognized this pattern of
repeated phytomers for barley (Hordeum vulgare L.). For instance, Bossinger et al (1992)
described a phytomer concept for barley including spikelet components, roots, tillers and branches
which Forster et al. (2007) extended to all elements of the barley plant. The resulting model was
entirely composed of phytomers to describe the whole canopy architecture. This dynamic interplay
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of phytomers within and among plant components can be viewed as analogous to a composition of
music called a canon (a familiar simple form being a round) where individual phytomers repeat a
part against and with other phytomers as do the melodies of a canon. This analogy led to the
naming of our proof-of-concept 00 design as CANON.

Figure 1 Common definition of a vegetative phytomer unit (From McMaster et al., 1991)

Considerable data are available for certain species, particularly wheat, to quantify the orderly
development of the plant canopy by the dynamic interplay of phytomers. Using wheat as a case
study, each vegetative phytomer can be considered to be initiated when either the leaf primordium
is formed on the shoot apex or when the leaf primordium further differentiates and grows resulting
in the appearance of the leaf. Since the primordia and leaves are produced sequentially with a fairly
consistent pattern related to thermal time (Rickman and Klepper, 1995; McMaster, 2005), the
production of vegetative phytomers on a shoot is quite predictable. In a similar manner, the
production of each spikelet primordium on the rachis of the spike is analogous to the production of
vegetative phytomers, and generally is 2 to 3 times faster than the rate of leaf primordia production
(Hay and Kirby, 1991; Kirby, 1974). On the axis of the spikelet, floret primordia production is also
quite consistent with thermal time. Therefore, the general concept of building a canopy by the
addition of phytomers within a shoot can be quantified for winter wheat. The timing of new axes,
or shoots, can be well related to thermal time, and has been successfully correlated with main stem
leaf number (Klepper et al., 1982; 1984). Therefore, the building of an entire wheat canopy by the
addition of phytomers has been quantified by numerous scientists (e.g. Rickman and Klepper, 1995).

A similar understanding of the orderliness and predictability of the growth of each component of
the phytomer has been developed over time. For instance, an increase in leaf dimensions and
biomass of successive leaves on a shoot has been studied (Hay and Wilson, 1982). The internode
component of the first few vegetative phytomers is negligible, and appreciable internode elongation
does not begin until shortly before the developmental stage of jointing. As with leaves, successive
internodes of vegetative phytomers increase in length (McMaster et al., 1991). Kernel growth
normally follows a sigmoidal pattern, and a common pattern of final kernel size tends to be
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observed within the inflorescence ((McMaster, 1997) cites many references).
Similarly, considerable knowledge of the senescence or abortion of phytomer components is

available, such as numerous studies of tiller and kernel abortion cited in McMaster (1997). Of critical
importance is predicting the timing of developmental events, or phenology, necessary to simulate
the state of each phytomer and phytomer component. Wheat phenology has been successfully simulated
in many crop simulation models such as APSIM (Keating etal., 2003), ARCWHEATI/2 (Porter, 1984;
1993; Weir etal., 1984), Sirius (Jamieson et al., 1995; 1998), and DSSAT (Ritchie and Otter, 1985;
Ritchie, 1991; Hunt and Pararajasingham, 1995; Jones et al., 2003; Hoogenboom et al., 2004).

3 Translation of Phytomer Concept into 00 Design

With the botanical conceptualization of a phytomer as a starting point, the fundamental components
of a phytomer unit were identified for our 00 design. In summary, for our proof-of-concept
purposes, a plant consists of two basic types of components each built using phytomer units. One
component is a vegetative component consisting of stems or axes with leaves and internodes and
he other a reproductive component (a spike) consisting of axes with spikelets and internodes. A

vegetative phytomer has components which, for our proof-of-concept purposes, are a leaf, an
internode, an axillary axis and a root while a reproductive phytomer has components of spikelet,
internode and axil]ary axis. Phytomers are arranged in sequence to form an axis (a generic term we
use in the prototype for a culm or tiller or shoot).

A phytomer can be described in terms of its properties (e.g. its component parts such as leaf,
internode, axillary axis, root, its state such as growing, senescing, its age, etc.), processes (e.g.
growth and senescence, ageing and change of state) and messages to its adjoining phytomers and
its own components (e.g. collecting information such as leaf area of all leaves along the hierarchy
from this phytomer, or signalling a whole plant event such as death). This description can be
viewed in 00 terms as an object that has data (properties), methods (processes) and a consistent
interface for the passing of messages to other phytomer objects and its own component part objects
(e.g. communication by signalling and movement of resources). A series of recursive and like
phytomers form a plant component such as a vegetative axis, with the phytomer properties
describing their type and function. To form a different type of component such as a reproductive
spike of phytomers or an aggregate axis (reproductive or vegetative), the phytomers or their
aggregate change to a new set of properties describing their new functionality. Thus a plant
component can be viewed as either a composite set of recursive phytomers or as an aggregation of
phytomers into a single plant component. Many functional-structural models are based on this
conceptualization, using a phytomer approach for vegetative (culm and canopy) development and
an aggregated organ approach for root and reproductive (grain) development (Vos et al., 2007).
Tomlinson et al (2007) use this approach for clonal bunchgrasses.

In this model, a phytomer has a consistent type of communication with adjoining phytomers,
regardless of the hierarchical structure that follows. This matches the object-oriented, structural
composite design pattern described by Gamma et al. (1994), where objects are composed into tree
structures to represent part-whole hierarchies, in which individual objects and compositions of
objects are treated uniformly by each preceding object in the hierarchy (parent object). At any point
in the tree structure of a composite pattern, the following sub-hierarchy is treated as a single entity.
This enables parts of the hierarchy to be replaced with a single simple aggregated object, without
affecting the preceding part of the hierarchy. For example, the phytomeric inflorescence
sub-hierarchy of the structure could be replaced with a simpler sub-hierarchy or a single object.
This replacement strategy can be used for any logical group in the hierarchy. This approach allows
specification of sub-models of different levels of detail which can be selected at run-time, without
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altering the object design.
The phytomer model we use is a modification of the common vegetative model of leaf+sheath,

node+internode, and axillary bud (Fig. I) by the addition of a root bud and extending the model to
describe the reproductive structure (Fig. 2).

Spike	 Spikelet 7 (S7)

Figure 2 Reproductive phytomers consisting of spikelets (=leaf) on the main axis (=rachis) and florets (=leaf)
on spikelet axis (=rachilla) (From Wilhelm and McMaster, 1996)

This model is extended further by Forster et al. (2007) who describe every organ in terms of a
basic phytomer unit. Complex plant growth and development models are commonly built out of
simple specialised plant components. A simple implementation could define 00 classes for simple
structures such as grain, stem, leaf and root. This approach does not consider the biological
significance of the phytomer as a building block of plant growth and development. A phytomer
approach to modeling plant architecture produces a botanical abstraction of a phytomer in an
object-oriented (00) design. Commonly, phytomers are incorporated into a model design by
defining the phytomer as a class with a stem class acting as a container class for all the stem
phytomers, keeping inflorescence (grain), leaf and root as simple classes (Fig. 3). In turn the main
stem and each tiller could be defined as larger container classes for the leaf, stem, grain and root,
and the whole plant in turn defined as a still larger container class for the main stem and tillers,
similar to the functional-structural model of Tomlinson et al. (2007).

To implement the approach described by Forster et al. (2007), phytomers build each component
of the plant, so different classes could be defined for the phytomers in each organ. Container
classes would then be defined for all phytomers of each type and so on as described before.

Gamma et al. (1994) point out that the problem with this approach is that client code that uses
these classes has to treat the simple and container classes differently, even though each can have
the same basic properties and processes. To overcome this, they define a Composite Design Pattern
(Fig. 4) which describes how to use recursive composition so that the client code doesn't need to
make a distinction between simple and container classes and treats all objects in the composite
structure uniformly. Thus a simple object has no children, while a composite object has children
which could be simple or composite objects.
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Figure 3 A basic phytomer model with a cuim containing vegetative phytomers consisting of a leaf and
internode, and simple components for the roots and reproductive inflorescence

Composite Structure
<uses>>

 ((interface))
Component

I+Operationl()
I +Operation 20

Simple	 I	 I	 Composite	 I I -Children

	

10	 + Operation l()	 1

	

QJ	 +Operatjon20	 ____ 	
forall g in children

+Add (Component X)	
operation 0;

+ Remove(Component )()
+GetChild(int)(

Figure 4 Composite Pattern Structure. Both Composite and Simple classes derive from a common Component
class which provides the standard interface. The composite class contains a component list of its children
which it loops through, sending a common message to each, not distinguishing between simple or composite
class children. The client code communicates through the common Component class, again not distinguishing
between simple or composite classes. A Simple class is a Component and Composite class is a Component. A
Composite class also has a Component (one or more) which are its children
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Figure 5 shows the simplicity of a basic composite phytomer plant model matching that of
Forster et al. (2007). This can be extended to match other phytomer models as described by
Bossinger et al. (1992), Tomlinson et al. (2007) and in this paper, so a "simple phytomer" class
could represent either a phytomer or an aggregate component such as the spike.

Composite Phytomer Structure
vuses>>	 *

hytomeriaoi	
.1 

(P
(interface>,

I	 j+Operation 10

Simple Phytomer

+Operation 10
+Opemtiofl 20

e.g. Vegetative or Reproductive

Composite of Phytomers

Operation 10
Operation 20	 0-
Add (Component )0
Remove(Component )()
GetChild(int)()

-Children

forall g in children
g.operation 0;

e.g. Stem, Inflorescence

Figure 5 Composite Phytomer Model. Plant is the client that communicates with the phytomer hierarchy
through the Phytomer class which provides a standard interface to all components in the hierarchy. A simple
phytomer represents a single phytomer, either vegetative or reproductive, or an aggregation of phytomers into
a single component. A composite of phytomers represents a collection of phytomers such as a stem (axis) or
inflorescence (spike)

4 Initial Implementation Efforts of 00 Design

Proof-of-Concept Development
While these concepts could apply to any species, we have chosen to implement the design using

winter wheat (Triticum aestivum L.) because information for this species is readily at hand and it
is conceptually very simple. For proof-of-concept simplicity, our initial implementation is constrained
to the vegetative phytomers (not including nodal roots). Figure 6 shows the class diagram of this
initial implementation. In the next development phase, we will introduce reproductive phytomers.

We are beginning the implementation of our 00 design into a proof-of-concept (CANON) using
the C-H- programming language. In this implementation, we are initiating phytomers, growing
phytomer sub-components, senescing phytomer components, and repeating this process for new axes,
or shoots. Many of the rules for the methods are being derived from the SHOOTGRO model
(McMaster et al., 1992) and using winter wheat as the model plant. As a proof-of-concept we are
assuming optimal growing conditions (McMaster et al., 1991; 1992; Wilhelm et al., 1993). Initial
tests are showing the 00 design principles outlined in this chapter are able to be implemented into
a plant growth simulation model. There are a number of alternative implementations of the
phytomer design. A phytomer, upon creation, could be populated with dormant buds for all of its
components, which can then be activated by nominated events. In our implementation, we have
chosen not to form an axillary bud, but initiate a new axillary axis when the bud begins to elongate,
which is signaled by a phenological event. Similarly, we do not form a node and initiate the
internode when its elongation begins.
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Figure 6 Class diagram of CANON phytorner model. This shows the prototype class relationship structure
of vegetative phytomers with their components (root, axis, internode and leaf). Here each Root, Leaf, Spike
and Internode class is a SimplePart, each Axis and Phytomer is a CompositePart, each SinglePart and
CompositePart is a Component and Plant has a Component. CompositePart also has one or more Components.
The Component class has service classes for thermal time, environment (weather) and phenology which are
inherited for use by all its sub-classes

Figure 7 shows our implementation of phytomers on a wheat plant with a main stem, primary
tiller (TI), and spikelet/reproductive phytomers. The internode of each phytomer is developed
while the other buds are suppressed or developed. Along the main axis or stem, the root bud of
Phytomer 0 is developed while the leaf and axillary buds are suppressed. The next phytomer to
develop on the main axis, Phytomer 1, has the root bud suppressed with the leaf developed and
axillary bud developed into a secondary axis or branch. Phytomer I is followed by vegetative
phytomers until the terminal phytomer which suppresses the leaf and develops its axillary bud into
an axis of reproductive phytomers in which the reproductive organ is developed and the leaf and
root buds suppressed. The secondary vegetative axes begin with a Phytomer 0 consisting solely of
an internode and develop similarly to the main axis.

5 Discussion

The Conundrum—Multiple and Variable Scales
Limited knowledge and application objectives determine the levels of detail or scale used within

a model. For example, a model may be built with three simple components viz, vegetative,
reproductive and root, to meet a project's simulation requirements. As knowledge improves and
objectives change, the vegetative component may be developed to a more detailed sub-model
constructed with phytomers, while light capture by the canopy may be adequately simulated at the
whole plant level. This illustrates simulation at three scales within the model, with leaf growth and
development at phytomer levels (detailed phytomer level), with leaf area being aggregated at plant
canopy level for light interception (whole of plant level), while the reproductive spike is simulated as
a single grain component (aggregated organ level). Another application may need the spike component
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to be simulated at phytomer levels. The challenge is to facilitate the incorporation of multiple levels
of scale into a model with runtime selection of these scales while providing for the addition of new
expanded or reduced scales as knowledge increases and application requirements change. Any
change in configuration due to scales produces essentially a different model which will have
associated changes in model performance and validation. In this paper, we are primarily interested
in providing a simple design which facilitates easy opportunities for simulating at any level of
resolution.

In summary, the requirements for our proof of concept model are: ability to replace a logical
group of phytomers with a single component or vice versa, © ability for some processes to operate
at whole plant level, using the collective information of more detailed components and distributing
new information to the more detailed components, and ® ability of components, such as
phytomers to represent different types or classes of plant components, such as vegetative and
reproductive. An additional objective is for components to be respecified to represent other species.

Advantages of the Composite Design Pattern
The 00 Composite Design Pattern underpins our solution to the conundrum by satisfying the three

main requirements identified above that must be demonstrated in our proof of concept. There are a
number of important effects the Composite Pattern has on the code. It defines hierarchies of simple
objects and composite objects. The simple objects can be composed into compound or composite
objects, which can be composed in turn into compound objects and so on, in a recursive manner.
This enables simple and composite objects to be indistinguishable to the code that uses these
objects. The advantage of this is the code is simplified as both simple and composite objects are
treated alike and the code doesn't know or care if it is using a simple or composite object. The code
is simplified as it doesn't need to distinguish between the types of objects (e.g. leaf or axis). A very
important advantage of this behaviour is that it makes it easier to expand the hierarchy by adding
new kinds of single or composite components and or to collapse sub-hierarchies into a simpler
composite component or even further into a single simple component.

Application to Plant Modeling
Implementing a plant model based on the Composite Design Pattern can simplify the code and

reduce the potential for errors. The recursive nature of the pattern allows indeterminate or
determinate plant development to be easily implemented. Phytomers or their aggregate replacement
in the hierarchy can be implemented to be self configuring, based on the phytomer or component
type (e.g., vegetative or reproductive).

Depending on the type, development of phytomeric components can be switched on or off, such
as the root bud. Axillary buds can be switched on to form a new tiller or secondary branch axis or
left off to remain dormant. The generality of this design allows modeling at various scales as
appropriate for the problem being studied. It also allows the phytomer model to be applied to other
monocots and dicots as described in McSteen and Leyser (2005) by re-specification of the
phytomer and component parameters.

00 plant simulation models that have leaf, stem, grain and root objects (e.g. APSIM-Plant,
Wang et al., 2002) could be adapted to this design which would then provide the flexibilities
described earlier.

Acknowledgements

The authors thank the following organizations for their support of this work: Grains Research and
Development Corporation (GRDC; http://www.grdc.com.au ) by providing a Grains Industry

68



Visiting Fellowship, USDA-Agricultural Research Service, Agricultural Systems Research Unit
(http://www.ars.usda.gov), and CSIRO Sustainable Ecosystems (http://www.cse.csiro.au )

References

Bossinger G, Rohde W, Lundqvist U, Salamini F (1992) Genetics of barley development: mutant phenotypes
and molecular aspects. In: Shewry, P.R. (ed) Barley: Genetics, Biochemistry, Molecular Biology and
Biotechnology, pp 231-264. Wallingford: CAB International.

Forster BP, Franckowiak JD, Lundqvist U, Lyon J, Pitkethly I, Thomas WTB (2007) The Barley Phytomer.
Ann Botany 100:725 - 733.

Gamma E, Helm R, Johnson R, Vlissides J (1994) Design Patterns: Elements of Reusable Object-Oriented
Software. Addison-Wesley.

Gray A (1879) Structural Botany New York: Ivsion, Blakeman, Taylor and Company.
Hay RKM, Kirby ElM (1991) Convergence and synchrony - A review of the coordination of development in

wheat. Aust J Agric Res 42:661 - 700.
Hay RKM, Wilson GT (1982) Leaf appearance and extension in field-grown winter wheat plants: The

importance of soil temperature during vegetative growth. J Agric Sci (Camb) 99:403-410.
Hoogenboom G, Jones PW, Wilkens .1W, Porter CH, Batchelor WD, Hunt LA, Bootc KJ, Singh U, Uryasev

UO, Bowen WT, Gijsman AJ, du Toit A, White JW, Tsuji GY (2004) Decision Support system for
agrotechnology transfer, version 4.0 [CD-ROM]. Univ Hawaii, Honolulu.

Hunt LA, Pararajasingham 5 (1995) CROPSIM-WHEAT: A model describing the growth and development of
wheat. Can J Plant Sci 75:619— 632.

Jamieson PD, Brooking IR, Porter JR, Wilson DR (1995) Prediction of leaf appearance in wheat: A question
of temperature. Field Crops Res 41:35 - 44.

Jamieson PD, Semenov MA, Brooking IR, Francis GS (1998) Sirius: A mechanistic model of wheat response
to environmental variation. EurJ Agron 8:161 - 179.

Jones JW, Hoogcnboom G, Porter CH, Boote KJ, Batchelor WD, Hunt LA, Wilkens PW, Singh U, Gijsman
AJ, Ritchie JT (2003) The DSSAT cropping system model. EurJ Agron 18:235-265.

Keating BA, Carberry PS, Hammer GL, Probert ME, Robertson MJ, Holzworth D, Huth NI, Hargreaves JNG,
Meinke H, Hochman Z, McLean G, Verburg K, Snow V, Dimes JP, Silburn M, Wang E, Brown S,
Bristow KL, Asseng 5, Chapman S, McCown RL, Freebairn DM, Smith CJ (2003) An overview of APSIM,
a model designed for farming systems simulation. Eur J Agron 18:267 - 288.

Kirby EJM (1974) Ear development in spring wheat. J Agric Sci (Camb) 82:437— 447.
Klepper B, Belford RK, Rickman RW (1984) Root and shoot development in winter wheat. Agron J 76:

117— 122.

Klepper B, Rickman RW, Peterson CM (1982) Quantitative characterization of vegetative development in
small cereal grains. Agron J 74:789 - 792.

McCown RL, Hammer GL, Hargreaves JNG, Holzworth DP, Frcebairn DM (1996) APSIM: a Novel Software
System for Model Development, Model Testing and Simulation in Agricultural Systems Research. Agric
Sys SO:255-271.

McMaster GS (1997) Phenology, development, and growth of the wheat (Triticum aestivum L) shoot apex: a
review. Adv Agron 59:63 - 118.

McMaster GS (2005) Phytomers, phyllochrons, phenology and temperate cereal development. J Agric Sci
(Camb) 143:137— 150.

McMaster GS, Klepper B, Rickman RW, Wilhelm WW, Willis WO (1991) Simulation of shoot vegetatiave
development and growth of unstressed winter wheat. Ecol Modell 53:189 - 204.

McMaster GS, Morgan JA, Wilhelm WW (1992) Simulating winter wheat spike development and growth.
Agric Forest Meteorol 60:193-220.

McSteen P, Leyser 0 (2005) Shoot branching. Annu Rev Plant Biol 56:353 - 374.
Porter JR (1984) A model of canopy development in winter wheat. J Agric Sci (Camb) 102:383 - 392.
Porter JR (1993) AFRCWHEAT2: A model of the growth and development of wheat incorporating responses

to water and nitrogen. Eur J Agron 2:64 - 77.

69	 H



Rickman RW, Klepper B (1995) The phyllochron: Where do we go in the future? Crop Sci 35:44 - 49.

Rickman RW, Waldman SE, Klepper B (1996) MODWht3: A development-driven wheat growth simulation.

Agron J 88:176 — 185,
Ritchie JT (1991) Wheat phasic development. In: Hanks J, Ritchie JT (ed) pp 31-54 Modeling plant and soil

systems. ASA-CSSA-SSSA, Madison, WI.
Ritchie JT, Otter S (1985) Description and performance of CERES-Wheat: A user oriented wheat yield model.

In: Willis WO (ed) Wheat yield improvement. USDA-ARS Publ 38 National Technical Information Serv,
Springfield, VA.

Sequeira RA, Olson RL, McKinion JM (1997) Implementing generic, object-oriented models in biology. Ecol

Modell 94:17-31.
Sequeira RA, Sharpe PJH, Stone ND, El-Zik KM, Makela ME (1991) Object-oriented simulation: Plant

growth and discrete organ to organ interactions. Ecol Modell 58:55 - 89.
Tomlinson KW, Dominy JG, Hearne JW, O'Connor TG (2007) A functional-structural model for growth of

clonal bunchgrasses. Ecol Modell 202:243 - 264.
Vos J, Marcelis LFM, de Visser PHB, Struik PC, Evers JB (eds) (2007) Functional-Structural Plant Modeling

in Crop Production. Springer Publishing, Netherlands.
Wang E, Robertson MJ, Hammer GL, Carberry PS, Holzworth D, Meinke H, Chapman SC, Hargreaves JNG,

Huth NI, McLean G (2002) Development of a generic crop model template in the cropping system model
APSIM. EurJAgron 18:121 - 149.

Weir AH, Bragg PL, Porter JR, Rayner JH (1984) A winter wheat crop simulation model without water or
nutrient limitations. J Agric Sci (Camb) 102:371 - 382.

Wilhelm WW, McMaster GS (1995) Importance of the phyllochron in studying development and growth in
grasses. Crop Sci 35:1 - 3.

Wilhelm WW, McMaster GS (1996) Spikelet and floret naming scheme for grasses with a spike inflorescence.
Crop Sci 36:1071 - 1073.

Wilhelm WW, McMaster GS, Rickman RW, Klepper B (1993) Above-ground vegetative development and
growth of winter wheat as influenced by nitrogen and water availability. Ecol Modell 68:183-203.

70


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12

